Both alkalis and calcium play essential roles in the formation of alkali-silica reaction (ASR) 26 products. Investigation of their combined effect helps to better understand the conditions of 27 ASR. In this study, samples with a constant Ca/Si ratio of 0.3 but different K(or Na)/Si and 28 K/Na ratios have been synthesized at 80 °C. Experimental studies and thermodynamic 29 modelling show that a sufficient amount of K or Na is essential to initiate ASR; at low alkali 30 concentrations C-S-H is stabilized instead. However, too high alkaline concentrations ( 900 31 mM at K(or Na)/Si 1) also favor C-S-H formation and suppress ASR product formation. 32
-4-In addition to calcium [4] [9] [10] [7] [8], also alkalis are essential to form ASR products, 68 since ASR will not form in the absence of alkalis even if calcium hydroxide could also 69 maintain the high level of pH. Small amounts of alkalis do not necessarily lead to the 70 formation of ASR products as alkalis can be incorporated into C-S-H without damaging its 71 intrinsic structure [5] [6] . Only few studies determined the minimum OHion concentrations 72 of the pore solution (0.2 0.25 M) required to initiate and sustain ASR in concrete [11] [12] . 73
Because of the slow formation of ASR products, accelerated testing methods by boosting the 74 alkali content of cements or exposing the samples to high alkaline solution were usually 75 adopted [2] . However, severe alkali boosting might be problematic as it will mask the role of 76 alkalis from the cements [2] . As a consequence, only very few studies have focused on the 77 ASR in concrete with extensively high alkali content [2] [13] [14] . Interestingly, these studies 78 have shown that extensively high alkali content tend to reduce the ASR expansion in concrete 79 samples [2] and in the NaOH-activated slag mortars [13] [14] . These observations could be 80 related to the reduced calcium concentration at very high pH values, as calcium is essential 81 for the formation of ASR products [10] . Other studies showed that very high alkali 82 concentration and thus very high pH values (> 13) result in C-S-H with high Ca/Si ratios 83 [15] [16] without causing ASR. 84
In addition to the alkali concentration, the type of alkalis may also influence the ASR 85 expansion of concrete, as higher expansion is observed for concrete with a relatively higher 86 -6-vacuumed dried for 7 days, and stored in N 2 filled desiccators with CO 2 absorbent to minimize 124 carbonation. 125 126 2.2 Methods 127
Experimental methods 128
The obtained solids were analyzed by a X-ray powder diffraction (XRD, PANalytical 129 X'pert Pro) with CoK radiation in a configuration. The samples were scanned with a step 130 size of 0.017° 2 between 5 and 90° 2 with the XCelerator detector during 150 min. The 29 Si 131 MAS NMR spectra were recorded from two laboratories on a Bruker Avance III 400 MHz 132 (9.39T) spectrometer at 79.5 MHz at Empa in Switzerland, and on a Varian Direct-Drive 133 VNMR-600 (14.09 T) spectrometer at 119.1 MHz at Aarhus University in Denmark, using a 134 home-built CP/MAS probes for 7 mm o.d. PSZ rotors. For the 400 MHz NMR spectrometer, 135 the following parameters were applied: 4500 Hz sample rotation rate, minimum of 10240 136 scans or more, 30° 1 H pulse of 2.5 s, 20 s relaxation delays, RF field strength of 33.3 kHz 137 during SPINAL64 proton decoupling. For the 600 MHz NMR spectrometer, a spinning speed 138 of 6.0 kHz, a 3.0 s excitation pulse for B 1 
Phase assemblages 169
The XRD patterns for the K-or Na-containing samples with high and low water contents 170 after 90 days of reaction are shown in Fig. 2 . For K-containing samples, the formation of only 171 C-S-H is observed for the SCK 0 sample without any K as expected, together with some 172 unreacted amorphous silica as reflected by the hump observed at 26° 2 . In case addition of 173 some K, an amorphous product is observed as the main reaction product for the samples with 174 initial K/Si ratios ranging from 0.25 to 0.75. This phase was recently described by Shi et al. 175 [4] as an nano-crystalline ASR product and named as ASR-P1: K 0.52 Ca 1.16 Si 4 -8-0.3 [8] , which explains the absence of this phase in the present study due to the high Ca/Si 180 ratio of 0.3 used for all the samples. Further increasing K/Si ratio up to 1, ASR-P1 181 co-existing with C-S-H is observed in the SCK 1 samples with both high and low water 182 contents. The results suggest that a possible destabilization of ASR products to C-S-H can 183 occur at very high alkali content. The opposite, the conversion of C-S-H to ASR products 184 could take place when K/Si ratio is increased from 0 to 0.25 as indicated by the XRD results 185 in suggesting that a nearly full conversion of C-S-H to Na-shlykovite has taken place by 211 increasing Na/Si ratio up to 0.5. At highest Na/Si ratio of 1, mainly Q 2 associated with C-S-H 212 with traces of Q 3 is observed, suggesting a phase conversion from ASR product to C-S-H. By 213 comparing the 29 Si NMR spectra between the samples SCN 0 and SCN 1 , around 2-3 ppm 214 chemical shift to less negative values is observed for the SCN 1 sample indicating an uptake of 215 Na in the structure of C-S-H and thus less shielding of the 29 Si NMR spectra as reported 216 previously [6] [23] . 217 218
Solution chemistry 219
The measured concentrations of Ca, K (or Na) and Si in the supernatants together with the 220 pH values measured at 23 °C for the K-or Na-containing samples with high and low water 221 contents are shown in Table 3 and Fig. 4 . The results show that the Si concentrations of the 222 equilibrium solution are higher at higher initial K/Si or Na/Si ratios, which is due to the 223 higher K or Na concentrations and thus higher pH values of the solution, as the solubility of 224 amorphous silica is known to increase with the increase of pH [24] . For the two series of 225 K-containing samples with high and with low water contents, the concentration of K and Si 226 are higher for the samples with lower water content. However, no significant differences in 227 the pH values are observed between these two series of experiments as both K and Si 228 concentrations are increased. This effect has been also observed in another study [8] . In 229 contrast to these observations, the calcium concentrations of the equilibrium solutions are one 230 order of magnitude lower for the samples with lower water contents where high Si and K 231 concentrations were present. Moreover, the calcium concentrations decrease with increasing 232 K/Si or Na/Si as a result of the common ion effect between K (or Na), Si and Ca, similar to 233 The changes in measured concentrations of the equilibrium solutions and pH values, 239 together with the phase assemblages with increasing K/Si or Na/Si ratio are predicted by 240 thermodynamic modelling as shown in Fig. 5 based on the thermodynamic data for the 241 synthesized ASR products: K-shlykovite, Na-shlykovite and ASR-P1 summarized in Table 2 . 242
For comparison, the experimental data from Table 3 are also plotted in the same figure. 243
Generally, thermodynamic modelling shows similar trends for the changes in equilibrium 244 concentrations and pH values with increasing K/Si or Na/Si ratio as the experimental 245 observations. At low K/Si or Na/Si ratios, where ASR-P1 or Na-shlykovite are present, both K 246 (or Na) and Si concentrations increase in parallel, while at higher K/Si or Na/Si ratio (> 0.8) 247
where only C-S-H is predicted, the K or Na concentrations and thus also pH increases while the 248 Si concentrations remains rather constant. For the K-containing samples, the modelled pH 249 values change similarly for the two series samples at high and at low water contents. Some 250 differences in the absolute values between the calculated and measured data were observed, 251 which might be related to poorly described aqueous polynuclear silica complexes at high Si 252
concentrations and at high temperature as already observed in other studies [4] [8] . 253
In addition to the equilibrium concentrations, the stable solid phases are also calculated as 254 shown in Fig. 5 . The results show that only ASR-P1 is predicted in the K-containing samples 255 for both high and low water contents, which agrees very well with the XRD (Fig. 2) and 29 Si 256 NMR ( Fig. 3) observations. Na-shlykovite is predicted in the SCN 0.5 sample, which is also 257 observed from XRD (Fig. 2 ) and 29 Si NMR (Fig. 3 ) results. The amount of C-S-H is predicted 258 to decrease and then increase with increasing K/Si or Na/Si ratio. The predicted minimum 259 amount of C-S-H is found to be related to the formation of maximum amount of ASR-P1 or 260 Na-shlykovite. 261 equilibrium, the bulk compositions of the solids for the K-or Na-containing samples with both 265 high and low water contents are also calculated by mass balance as summarized in Table 3 and 266 shown in Fig. 6 . For comparison, the chemical compositions of the K-shlykovite, ASR-P1 and 267
Na-shlykovite from another study [8] are also plotted in the same figure. The results show that 268 the bulk Ca/Si ratio of the obtained solids increases with the increase of initial K/Si or Na/Si 269 ratio. The observation of higher Ca/Si ratio than those of K-shlykovite, ASR-P1 and 270 Na-shlykovite support the co-precipitation of C-S-H with ASR products observed from 271 experiments and predicted by thermodynamic modelling (Fig. 5 ). The bulk K/Si ratios for the 272 obtained solids also increase with increasing initial K/Si ratio for the K-containing samples 273 with low water contents, while the bulk K/Si ratio of the obtained solids for the samples with 274 high water contents increases and then decreases with increasing the initial K/Si ratios. The 275 Na/Si ratio of the solids increases first and then tends to be stabilized at Na/Si = 0.25 at very 276 high initial Na/Si ratios. This is also in agreement with the amount of solid phases predicted by 277 thermodynamic modelling in Fig. 5 , which is decreasing for ASR products and increasing for 278 C-S-H (similar to K-containing samples). The maximum alkali binding capacity (K or Na) of 279 low C-S-H is about 0.25 [6], comparable to K/Si or Na/Si ratio of 0.25 for Na(K)-shlykovite. 280
In summary, the Na-containing samples show a similar behavior as the K-containing 281 samples: in both cases ASR products (Na-shlykovite or ASR-P1) are stabilized at 282 intermediate alkali hydroxide concentrations in the range of 200 to 500 mM (see Table 3 ), 283 while at lower and higher concentrations C-S-H is stabilized instead. The results also show 284 that Na-shlykovite is somewhat less stable than ASR-P1. 285 286 3.2 Samples containing both K and Na 287
Phase assemblages 288
In addition to the pure K-or Na-containing samples, ASR products with varying 289 combinations of K and Na in difference proportions are also synthesized; all with a total 290 -12-alkali/Si ratio of 0.5; i.e., at conditions where mainly Na-shlykovite or ASR-P1 had formed as 291 discussed above. Their XRD patterns obtained after 90 days of reaction are shown in Fig. 7  292 together with two endmembers (SCK 0.5 and SCN 0.5 ) presented in previous sections. No major 293 differences are observed for all of these samples as ASR-P1 is the only ASR product formed 294 except for the Na-endmember (SCN 0.5 ), where Na-shlykovite is present instead. Based on the 295 results in Fig. 2 . Na-shlykovite, which is able to form at Ca/Si ratio of 0.3, is 305 not observed in any of the samples containing K, which suggests that the presence of K 306 stabilizes ASR-P1. Overall, the results suggest that ASR-P1 is a quite stable phase, which is 307 able to form at a wide range of K/Na ratios at the investigated temperature of 80 o C. 308 309
Solution chemistry and thermodynamic modelling 310
The measured concentrations of Ca, K, Na and Si in the supernatants together with the pH 311 values for the samples containing both K and Na with different K/Na ratios and constant 312 (K+Na)/Si ratio of 0.5 are shown in Table 4 and Fig. 9 . As the total alkali concentration 313 (K+Na) is nearly constant, some variation of pH is always accompanied by change of the Si 314 concentration, since the negatively charged silicate ions affect the concentration of OHin 315 solution to charge balance Na + and/or K + ions. Overall, in contrast to the samples containing 316 only K or Na presented in previous sections where the equilibrium concentrations and the XRD observations that mainly one type of ASR products (i.e., ASR-P1) is formed in these 321 samples containing both Na and K. 322
Thermodynamic modelling for these samples (Fig. 10) also shows that the equilibrium 323 concentrations and pH values are expected to remain more or less constant, which is in line 324 with the experimental results. The main differences between the different samples are the 325 relative concentration of K and Na, which is increasing for K and decreasing for Na with 326 increasing initial K/Na ratios. Both the measured and predicted constant concentration of Si 327 suggests that the dissolved amount of silicon is mainly controlled by the formation of 328 ASR-P1 and thus by the total alkali content and pH. Also some C-S-H is expected to be 329 present in all of the samples. The calculated changes in the K and Na concentrations in the 330 equilibrium solutions agree well with experimentally observed changes. Also the presence of 331 a comparable amount ASR-P1 is predicted for all of these samples as the only type of ASR 332 product, except for the sample with no (or very low) K content. 333 334
Bulk chemical compositions of the solids 335
Based on the initial composition and the measured concentration of the equilibrium 336 solutions, the bulk compositions of the solids for the samples containing both K and Na are 337 calculated by mass balance as summarized in Table 4 and shown in Fig. 11 . Generally, the bulk 338 Ca/Si ratios are above 0.3 as shown in Table 4 , which are higher than Ca/Si ratio of shlykovite 339 and ASR-P1 without Na, and support the presence of some C-S-H in the samples. The results 340 in Table 4 also show an increase in bulk K/Si ratio and a decrease in Na/Si ratio with increasing 341 initial K/Na ratio. However, the Ca/(K+Na) ratios remain more or less constant except for the been so far only identified in model system, where the solutions are initially saturated with 364 portlandite, which may be different from the actual sequence of ASR in concrete. The present 365 study indicates that the formation sequence of ASR products and C-S-H in model system is 366 dependent on the relative amounts of alkalis (K or Na) and of Ca, which can be controlled 367 when mixing the materials in laboratory studies. However, in real concrete K + and/or Na + 368 ions may enter easier and faster into aggregate due to its smaller radius of hydrated ions 369 compared to the hydrated Ca 2+ ions [32]. In addition, K + and Na + concentrations in the pore 370 solution are much higher than Ca concentrations [33] [34] , which also eases the transport of 371 alkalis into the aggregates. Thus, it is likely that ASR products are firstly formed within the -15-aggregates in concrete, followed by gradual uptake of calcium and further conversion to from the center of aggregates [3][28] [18] . In addition, it can be expected that the presence of 375 other ions in concrete such as aluminum, lithium as well as the limited availability of water 376 and temperature history would play a further role, indicating the needs of more dedicated and 377 systematic work to reveal the mechanism of ASR. 378 379
Conclusions 380
The presence of K and/or Na together with a limited amount of Ca is essential to form 381 ASR products. Different ASR products are formed at 80 °C with different types of alkalis. 
